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1, INTRODUCTION 

Nowadays electricity is the main power generator that is needed to turn on most of the devices like 
electronics equipment. Electricity enables us to use various electrical appliances like television, oven, 
air condition, refrigerator and others. Generally, electric power can be generated using renewable and non- 
renewable sources. Most electric companies charge either the highest kW (real power), or the highest kVA 
(apparent power), whichever is greater [1]. If the power factor 1s low, the measured kVA will be significantly 
higher than the kW. Therefore, improving the power factor through power factor correction, e.g. capacitor 
bank connected in parallel, will lower the kVA requirement thus lower the electricity bill. Several other 
advantages of power factor improvement, including increased load carrying capabilities in existing circuits, 
improved voltage, reduced power losses, and reduced carbon footprint [1]. 

Many research have been conducted on the development of smart meter as discussed in [2-4]. Due 
to its usage, smart meters are being developed and installed in many homes, school buildings, universities, 
and industrial premises around the world [5, 6]. The smart meter infrastructure, if used properly, can provide 
more than just recoding consumption of electricity, such as easier processing of billing, detection of energy 
losses due to possible fraud, early warning of blackouts, as well as precision real-time pricing schemes [7]. 

One of the advantages using the digital based power factor meter is that the read data by the device 
can be stored easily for other applications or analysis [8, 9]. One type of the analog circuit that used in the 
power factor measurement system is zero crossing detectors to convert and process the current and voltage 
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signals, in which the output will be low if the difference is zero [10]. In [11], the firmware design can be used 
to calculate and record power consumption data and record five outage events with their interruption time, 
interruption durations and restoration time if an outage event occurred. Figure 1 shows various samples of 
power factor/smart meter. 





Figure 1. Examples of commercial power factor meters 


Although many researches have been conducted on the power meter, but little research has focused 
on the power factor meter, especially for power factor improvement, remote monitoring, and data logging. 
In [12], the design of power factor meter was elaborated. The objective of this paper is to improve and extend 
the previous design by including simulation of power factor improvement, performance evaluation using 
several devices, remote monitoring, and data logging capability. 


2. POWER MEASUREMENT THEORY 

Average power 1s the average of instantaneous power over one period as shown in (1), in terms of 
effective or RMS value. The average power consists of real and imaginary power. If the phase angle between 
the voltage and current are the same, it implies that the load is purely resistive and all power is being 
absorbed by the load. If 6,,— 0; = +90°, the load is considered as reactive and the average power is being 
reflected back to the AC (alternating current) source. 


P = VeuslamsZ(Oy — 9:) = Vemslpuscos(Oy — 9;) (1) 

S = Vems X Ipus (2) 
_1i7(n) 

Ipus = ee (3) 
_1v7(n) 

Vems = D0 a (4) 


Apparent power (S) is the voltage of an AC system multiplied by all the current that flows into it. 
It can be computed as the product of RMS voltage and RMS current, as shown in (2) and 1s expressed in units 
of volt-amperes (VA). Veys and Ipys values are calculated using (3) and (4), where N is the number of 
samples, i(n) and v(n) are the samples of the electrical current and voltage signals. 

Real Power (P) 1s the capacity of the circuit for performing work at a time. This can only be 
calculated by measuring voltage and current simultaneously and multiplying them, and averaging over time: 


P = —YN-4 v(n) x i(n) (5) 


The Power Factor (PF) 1s calculated as the ratio between Real Power to Apparent Power. It refers 
to the ability of the electrical systems on the installation to convert electric current into useful workload such 
as heat, rotation, or light. 


PF = cos(0) = — Real Power). _ Fe (6) 


Apparent Power (VA) Ss 
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The PF value is ranging from 0 to | which represents the load characteristics, including resistive, 
inductive, or capacitive. Maximum power transfer happens if the power factor equals to 1 (cos @ = OQ). If the 
current leads voltage by -90° phase, the load is purely capacitive. While if the current lags voltage by 90° 
phase, the load is purely inductive. If the power factor is poor, the load will drive more current, which means 
more energy lost in the electrical distribution system. Most of the load in the electrical system is having 
inductive characteristic [10]. Therefore, the industry is normally using capacitor bank connected in parallel to 
improve the power factor [1]. 


3. POWER FACTOR CORRECTION 

A high Power Factor index gives the following benefits, including no additional charges in monthly 
electricity bill as there is no Power Factor Surcharge, extends the lifespan of electrical appliances, reduces 
electricity wastage for electrical installations at customers’ premises, and conserves the environment by 
lowering fuel usage and helps the country reduce carbon dioxide (CO2) emissions [1]. This section described 
the related IEC and IEEE standard on power quality, power factor correction unit, and power factor 
improvement calculation. 


3.1. ITEC and IEEE Standard on Power Quality 

The IEC 61000 series [13] 1s one of the most commonly used references for power quality in 
Europe. It contains six parts, including general, environment, limits, testing and measurement techniques, 
installation and mitigation guidelines, and generic standard. Meanwhile, [EEE-Std 519 [14] is the [EEE 
recommended practices and requirements for harmonic control in electric power systems. It is more 
comprehensive than IEC 61000-3-2 [15]. IEEE-Std 519 section 7 deals with converter power factor, reactive 
power compensation, and control of harmonics. In addition, [EEE-Std 1036 [16] covers on the use of 50 Hz 
and 60 Hz shunt power capacitor units or capacitor banks. 


3.2. Power Factor Correction Unit 

Power factor correction (PFC) unit in the form of capacitor banks as shown in Figure 2(a), which act 
as reactive current generators, primarily consist of six major parts, including incoming isolators, 
fuses, capacitor switching contactors, capacitors, power factor regulator, and detuned reactors. 
By providing the reactive current, PFC reduce the total amount of current the system must draw from the 
main distribution [17], PFC is normally. 
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Figure 2. Power factor correction (a) Sample unit, (b) Sample calculation 


3.3. Power Factor Correction Calculation 

The size of the capacitor is calculated as shown in (7) to properly offset inductive load, where kVAR 
is the PFC capacitor size, P is the real power in kW, PF, is the current power factor, PF, is the targeted 
power factor [17]. 
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kVAR = P x (tan(cos~*(PF,)) — tan(cos~1(PF,))) = P x (tan@, — tan@,) (7) 


For example, suppose that we have original P = 100 KW and kVA = 167 which produces PF, = 


cos(6,) = — = 0.6. If we want the improved power factor to be 0.9, 1.e. PF, = 0.9, using (7) it requires 
PFC capacitor size of KVAR = 100 x (tan(cos~1(0.6)) — tan(cos~+(0.9))) = 85. Note that, due to the 
t= )) © 0.9. Figure 2(b) illustrates this 


example. The required capacitor in wF can then be calculated using (8) [18, 19]. 


rounding, the new power factor will be PF = cos (tan? ( 


___ kVAR 
 QnfVv2 





(8) 


4. POWER FACTOR METER DESIGN 
In this section, the improvement and extension from [12] on hardware and software design of 
proposed power factor meter will be presented, including power factor improvement using capacitor banks. 


4.1. Hardware Design 

Figure 3 shows the block diagram of the proposed power factor meter using Arduino. Arduino Uno 
is the main microcontroller unit which connects to sensors and other output for data logging. For the proper 
date and time stamp of the data logging, an RTC (real time clock) module is utilized. It features could be 
further extended using a GPS module which could provide a synchronized date and time, as well as, 
geo-location, as shown in Figure 2. The output of the power factor measurement could be displayed in an 
LCD, recorded in an SD card, connected to PC with Matlab using a USB cable for data plotting and further 
analysis, or sent to a server using WiFi shield [20, 21]. The sensors selection, interface circuit, LCD and SD 
card connection has been discussed in [12]. 
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Figure 3. Block diagram of power factor meter using IoT 


For the current sensor, there are two types, which is invasive and non-invasive current sensor. 
The invasive type could provide higher accuracy, while the non-invasive type could provide easier 
installation. For this reason, we selected a non invasive current sensor, as shown in Figure 4, with proper 
calibration to improve its accuracy. In addition, the price of the non-invasive AC current sensor is cheaper 
than the invasive type, thus low cost development of the designed power factor will be achieved. However, 
an electromagnetic interference could cause measurement error as discussed in [22]. Therefore, care must be 
taken to use the non-invasive current sensor by wrapping it with aluminum foil to simulate Faraday’s cage. 

Figure 4 shows the hardware design of the proposed device. An SD card module along with proper 
software library is used as interface between SD card and Arduino for data logging purposes of the measured 
real power, apparent power, and power factor along with the date and time stamp obtained from the RTC 
module. If multiple smart meters are deployed in different locations, then it would be better to use a GPS 
module which could provide a synchronize date/time and smart meters’ location. WiFi module or Ethernet 
module could be used to provide internet connection to the device for remote monitoring purposes. 
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Figure 4. Hardware design of power factor meter using [oT 


4.2. Software Design 

Figure 5 shows the software flowchart of the proposed power factor meter. First, the device is 
connected to the electrical appliances under test, such as laptop, fan, light bulb, or other electical appliance. 
Then the voltage and current sensors will measure the voltage and current, respectively. The interfacing 
circuit will convert into lower voltage and current so that it could be digitized by Arduino’s ADC. Next, the 
real and apparent power will be calculated, in which the power factor could be derived. The measurement 
result could be displayed at LCD, logged at SD card, or sent to PC for plotting and monitoring in Matlab. 
Furthermore, if the Wifi or Ethernet module is activated and connected, the result could also be sent to a 
server for remote monitoring and further analysis. Power factor improvement sub routine will activate the 
relay module to shunt the capacitor(s) with the electrical appliance. 
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Figure 5. Flowchart of power factor meter and power factor improvement 


Automatic power factor correction could be done by employing various capacitors connected in 
parallel and switched on demand using Arduino output connected to relay circuit. This scenario is shown in 
Figure 6. The relay circuits which can toogle switch R,, R,, R3, (or any N number of capacitors) is connected 
to the digital output of Arduino. Depends on the current power factor, the proposed device can switch one or 
more capacitors to improve the power factor. 
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5. RESULTS AND DISCUSSION 
This section will provide the simulation of power factor correction, calibration of power factor 


meter, experiments on industrial fan and data logging, as well as applying IoT framework for complete 
solution. 


5.1. Power Factor Correction Simulation 

Several Matlab/Simulink models were available on various aspects of electrical power 
simulation [23]. A Matlab program was adopted from [24] to simulate the power factor correction and the 
required capacitor bank. Figure 7 shows the simulation result which confirm the manual calculation as shown 
in Figure 2(b). More details simulation on induction motors paremeter, as typical resistive-inductive 
electrical load, could use the Moto Python toolbox [25]. 
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Figure 7. Power factor correction simulation using matlab 


5.2. Calibration 

The use of non-invasive current sensor simplify the implementation while sacrificing its accuracy. 
The sensor is clipped to the cable which may have different characteristics. Therefore, the calibration process 
is necessary at least once or when the cable used is changed. There are three devices used to calibrated the 
proposed power factor meter as shown in Table |. There are two current measurements, the measurement by 
non-invasive current sensor, and the measurement by ampere meter. The difference between both 
measurements will be compensated so that the non-invasive measurement will have the same value 
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as the manual ampere meter measurement as shown in Figure 8. After several experiments using three 
devices, we found that a factor of 0.23 needs to be multiplied to the measured current by non-invasive sensor. 
Using this correction factor, the difference between the non-invasive current sensor and the ammeter is only 
around +1.79%. 


Table 1. List of Devices used for Calibration 
No Devices Current (A) Power (W) 


1 Laptop ASUS Model S200E 0.17 A0 
2 Industrial Fan 0.96 230 
3. Light Bulb 100 W 0.42 100 





Figure 8. Current measurement calibration process 


5.3. Experiment on Power Factor Measurement on Industrial Fan 

The industrial fan has three speed, i.e. low, medium, and high. Its model number is RIF-650, 26 inch 
Industrial Fan, with power rating of 230 W. Experiment is conducted to evaluate the measured current and 
power factor for different fan speed, as shown in Table 2. Based on the experimental results, the best power 
factor achieved is 0.73 with 0.5 A current, when the speed of the fan is at medium. It can be concluded that 
the most efficient and lower cost operation for the industrial fan is achieved at medium speed. 


Table 2. Current and Power Factor Measurement on Industrial Fan 
No Speed Current (A) Power Factor 


1 Low 0.45 0.60 
2 Medium 0.50 0.73 
3 High 0.64 0.69 


5.4. Experiment on Data Logging 
For this experiment, the power factor meter is connected with 4 ways extension sockets as shown in 


Figure 9(a). The experiment is conducted at Robotic Design Laboratory, E2-1, ITUM, for the duration of one 
day. The power factor data is recorded for about 20 points at various interval in the morning (6.00 to 11.00), 
afternoon (12.00 to 19.00) and night (20.00 to 5.00), respectively, as shown in Figure 9(b). The data is time 
series, in which date and time, as well as power factor and current reading were recorded. The data was saved 
to the SD card. The date and time information were provided by the RTC module. For further processing, 
the stored data in the SD card was then connected to a PC to be analyzed using Matlab. 














0.8 
~~ 
a . | : 
2 0.6 We Ws laa awe po ee _* 
G Pm | Pre Se on an <4 
As “oN ¥ 
: 
© 0.4 
A. =— Morning: 6.00-11.00 
«Afternoon: 12.00-19.00 
«— Night: 20.00-5.00 
0.2 ; ; ; 
0 5 10 15 20 
- Time duration 
(a) Experimental Setup (b) Power Factor Data Recorded 


Figure 9. Experiment on Data Logging 
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By observing power factor graph as shown in Figure 9(b), it clearly shows that the power factor is 
fluctuated depends on the usage at that particular time. The average power factor in the morning, afternoon, 
and night are 0.66, 0.55, and 0.58, respectively. In the afternoon, many students were doing their Integrated 
Design Project (IDP), in which equipment usage were hight, including powering the project’s device and 
laptop. While at night, it recorded the worst power factor at 0.4. This could be due to the lighting and air 
conditioning were active at that time which brought down the overall power factor in the laboratory. 


5.5. IoT Framework Analysis 

In [7], the loT Framework, which can be applied for the proposed smart meter, 1s discussed and 
divided into several stages, including Things, Connect, Collect, Learn, Do. In our case, the Things is the IoT 
device and sensors for the smart meter as explained in Figure 3 and 4. For the Connect part, it is not limited 
to WiFi or Ethernet but it can be other communication technologies, such as Bluetooth, Zigbee, LoRa, etc 
[21]. The Collect part is the time series databases which could be used to collect the machine information and 
the power quality information, 1.e. current and power factor, with date and time stamp [26, 27]. The Learn 
part is the machine learning process which could learn the most efficient power factor at particular time using 
deep learning [28, 29]. The Do part is the actual implementation of what we have learned from the time- 
series database to lower the electricity cost and more efficient electrical appliance operation. 


6. CONCLUSION 

This paper has presented the design of power factor meter using IoT. Using the WiFi or Ethernet 
module on Arduino, the device could be accessed remotely or sent the data to remote server for data logging 
and further analysis. Power factor improvement was designed using multi relays connected to capacitor 
banks with various capacities. To measure the current, a non-invasive current sensor was used for ease of 
installation. The accuracy of the selected sensor was calibrated using the manual ammeter, in which the 
difference is around +1.79%. Finally, the IoT framework analysis was conducted on the proposed device. 
Further research includes experiments on various electrical appliances, transient effect analysis of automatic 
power factor correction, and deep learning algorithms applied to the collected time-series database. 
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